Hydrogen sulfide generation in oil production is a constant cause of concern. In several cases this phenomenon occurs due to the action of sulfate-reducing bacteria. Various methods, including biocides and nitrate addition, have been used to control the activity of these microorganisms, but they are expensive and have side effects. Other inhibition methods, such as the use of molybdate, have received much less attention. This study performed a kinetic test for the inhibition of sulfate reduction, and shortterm tests to determine the minimum inhibitory concentration of molybdate in liquid medium containing 10.4 and 20.8 mM of sulfate (1000 mg L -1 and 2000 mg L -1 ), respectively. An inoculum was prepared from a microbial consortium of sulfate-reducing bacteria dominated by Desulfovibrio vulgaris enriched from produced water from oil wells of the Reconcavo Basin, Brazil. The indicators of bacterial activity used were: sulfate reduction, sulfide production, culture medium color, pH, and redox potential. The tests show that, regardless of the concentration of molybdate, sulfate reduction is inhibited after the first hours of the start of the test. The conversion of sulfate in the kinetic experiment without molybdate is 78%, whereas the average conversion in the experiment with molybdate is approximately 30% in 216 h. The short-term test results show that 0.08 mM (12.8 mg L -1 ) molybdate, a molar ratio molybdate/sulfate of 0.004, is sufficient to inhibit the activity of sulfate-reducing bacteria for 168 h.
INTRODUCTION
The generation of hydrogen sulfide in oil production is a matter of concern due to the risk of anaerobic corrosion of pipelines and steel structures. This corrosion clogs pipelines posing an occupational and environmental hazard due to the contamination of fuels. The primary generation, due to thermochemical reduction of sulfate, may cause the accumulation of hydrogen sulfide in oil fields. The secondary generation, due to the action of sulfate-reducing bacteria (SRB), may take place during oil recovery using water injection. The use of inhibitors, such as nitrate and molybdate ions, to reduce metabolic activity has been investigated in a few laboratories and field experiments (Sunders & Sturman, 2005).
Sulfate-reducing bacteria are microorganisms that survive in anoxic environments with a pH in the range of 5 to 9, and reducing sulfate to sulfide by transferring electrons obtained by the oxidation of a carbon source. Species within the genus Desulfovibrio have been used mostly as model organisms for investigating the mechanism of sulfate reduction (Birkeland, 2005) . These species partially oxidize volatile fatty acids turning them into acetate and CO 2, according to the following equation ( (1) Equation 1 shows that, for each mole of sulfate reduced, two moles of the carbon source are required and one mole of sulfide is generated. Depending on the pH of the solution, the sulfide generated can remain as S 2-, HS -to H 2 S (Bernardez et al., 2012, 2013).
The problems caused by the presence of SRB in reservoirs and oil production systems have motivated the development of methods to control and prevent the action of these microorganisms. Among these methods one can highlight: i) the use of a chemical scavenger for the removal of sulfide production; ii) the use of non-metallic pipes or pipes lined with materials resistant to the presence of hydrogen sulfide; iii) the use of corrosion inhibitors; (Larsen et al., 2004) ; iv) the selection of the source of injection water with low sulfate concentration, volatile fatty acids, nutrients and biomass; v) the removal of the sulfate present in the injection water using reverse osmosis or nanofiltration membrane; ( S emissions from swine manure using sodium molybdate. The tests were conducted in a batch mode by applying molybdate in a medium with fresh manure slurry and populations of active sulfate-reducing bacteria. The gas samples were collected and analyzed to determine the concentrations of hydrogen sulfide. The authors observed that reducing the H 2 S concentration in the gas phase was related to the concentration of molybdate present in the medium. The application of 2 mM (320 mg L -1 ) of molybdate was sufficient to reduce the concentration of H 2 S in the gas phase for 40 days to negligible levels.
Although the role of molybdenum in the synthesis of enzymes is well known, further studies need to investigate the effect of molybdate as an inhibitor of the activity of specific groups of sulfatereducing bacteria. The objective of this study is to evaluate the efficiency of implementing molybdate in the control of the activity of SRB, isolated from the produced water from oil wells in the Reconcavo Basin, Brazil.
MATERIALS AND METHODS
The effectiveness of molybdate as an inhibitor of the activity of SRB was investigated from its application in a medium containing a microbial consortium enriched from produced water samples collected in an oil field of the Reconcavo basin, Brazil. This consortium was dominated by
Desulfovibrio vulgaris (Bernardez et al., 2007).
The experiments were divided into two parts: first, the study of the kinetics of sulfate reduction inhibition, and, second, determining the minimum inhibitory concentration of molybdate. The molybdate concentrations evaluated were selected from literature and correspond to mole fractions of sulfate available in the medium.
Microbial culture and medium
A volume of 100 L of mixed culture of sulfatereducing bacteria (SRB), taken from the produced water from an oil field, was inoculated and enriched in a modified Postgate medium inside an anaerobic chamber (Bactron VI, Shellab, Sheldon Manufacturing Inc.) at 38°C. The anaerobic mixed gas used was 5% hydrogen, 5% carbon dioxide, and 90% nitrogen.
The modified Postgate medium semi solid, in which sodium lactate was used as a main carbon source and electron donor, contained (per liter): agar 2.0 g, KH 2 PO 4 0.5 g, NH 4 Cl 1.0g, Na 2 SO 4 1.0 g, CaCl 2 1.0 g, MgCl 2 .6H 2 O 1.83 g, yeast extract 1.0 g, ascorbic acid 0.1 g, sodium thioglycollate 0.013 g, sodium citrate 6.38 g, sodium lactate 2.21 g, NaCl 15 g, resazurin 2.0 mL (0.025% p v -1 ), and FeSO 4 .7H 2 O 0.5 g. All the components were dissolved in deionized water and the pH was adjusted to 7.5 to 8.0 using HCl or NaOH. After this, the solution was homogenized by agitation and, later, sterilized at 121°C for 30 minutes. This supports the growth of a wide spectrum of SRB, stimulating microbial diversity.
Kinetic inhibition tests
The kinetic inhibition of sulfate reduction was investigated in a batch mode in sealed 250 mL glass bottles. For these experiments, an equal amount of 200 mL of the previously autoclaved medium was put in each bottle, without agar, and 2.0 mL of inoculum was added. Then, the bottles were put inside an anaerobic chamber and mixed continuously in a mechanical shaker at 120 RPM at 38°C. At certain time intervals, one bottle was selected, aliquots were withdrawn and used for the chemical analysis, and, following, the bottle content was excluded. In the experiment, Na 2 SO 4 (1.18 g) and FeSO 4 .7H 2 O (0.59 g) were enhanced proportionately in the culture medium to reach a concentration of 10.4 mM (1000 mg L -1 ) of sulfate ion. Concentrations were selected from the literature and corresponded to a mole fractions of sulfate less than or equal to one. In Table 1 , the concentrations of molybdate and molar ratios of molybdate/sulfate evaluated are presented.
Minimum inhibition concentration of molybdate test
The experiments carried out to investigate the kinetics of inhibition were performed using the modified Postgate medium, in which sodium lactate was used as the main carbon source and electron donor. It contained (per liter): KH 2 PO 4 0.5 g, NH 4 Cl 1.0g, Na 2 SO 4 1.0 g, CaCl 2 0.6 g, yeast extract 1.0 g, ascorbic acid 0.1 g, sodium thioglycollate 0.013 g, sodium citrate 0.3 g, sodium lactate 6.78 g, NaCl 15 g, FeSO 4 .7H 2 O 0.02 g, and MgSO 4 .7H 2 O 0.09 g. All the components were dissolved in deionized water and the pH was adjusted to 7.0 using HCl or NaOH. After this, the solution was homogenized by agitation and, later, sterilized at 121°C for 30 minutes.
The medium modified Postgate C contains iron which is an important micronutrient used by SRB. However, the iron may act indirectly as an indicator of activity because the ferrous ion in the presence of sulfides can form iron sulfides (FeS, Fe 2 S), which precipitate as fine particles with dark coloring. The formation of these materials is an indicator of the activity of SRB and it was used in the tests as a criterion for assessing the activity of bacteria in the medium. To ensure that the carbon source was not the limiting agent for bacterial growth, the culture medium was prepared with an excess of lactate, 45% higher than the stoichiometric equation. In the experiment, the amount of Na 2 SO 4 (2.36 g) and The tests were performed in batch mode in sealed 100 mL glass bottles so that each concentration was assessed in duplicate. In each vial of 60 mL, 600 L of inoculum were added as inhibitor. Then, the bottles were mixed continuously in a mechanical shaker at 180 RPM at 38°C in anaerobic conditions. Samples were taken with simultaneous removal of two of the four bottles from the incubator 72 and 168 hours after the start of the test. The bottles were selected and analyzed, then, the bottles contents were excluded. In each test, four bottles were used as control without the addition of the inhibitor. These bottles were also sampled at 72 and 168 hours after the start of the test.
Tests with high concentrations of molybdate were performed with the culture medium containing 0.2 to 20mM (32 to 3200 mgL -1 ) of the inhibitor while assays with reduced concentrations of molybdate were performed with a culture medium containing 0.02 to 0.2mM (3.2 to 32 mgL -1 ) of the inhibitor. In Table 2 , the concentrations of 
Sulfate concentration
The sulfate concentrations were measured by a turbidimetric method (Kolmert et al., 2000) . This method is based on the precipitation of sulfate ions as barium sulfate. The samples, before the analysis of the sulfate content, were treated with an excess of zinc acetate dihydrate crystals to precipitate the dissolved sulfide as zinc sulfide. Fixation of sulfide prevented the oxidation to sulfate. Using 1.5 mL microcentrifuged tubes, 1.0 mL culture samples were stirred for five seconds with approximately 0.01 g of zinc acetate. The mixture was, then, centrifuged for ten minutes at 6000 RPM and at 4°C. Following, 50 L of the supernatant was mixed with 950 L of the conditioning fluid in a fresh microcentrifuge tube and stirred for five seconds. Approximately 0.01 g of crushed barium chloride dihydrate crystals was added to the mixture, which was stirred for 15 seconds and the relative absorbance was read immediately at 420 nm using a UV/Visible spectrophotometer. The calibration standards were prepared using sodium sulfate and deionized water.
Sulfide concentration
The sulfide content of the samples was also measured using a turbidmetric method (CordRuwisch, 1985). The measurement had to be done immediately after sampling to prevent its oxidation and volatilization. When copper sulfate is added to a solution containing sulfide, copper sulfide precipitates. The assay is based on this precipitation of colloid copper sulfide, because the absorbance of the resulting mixture can be measured at 480 nm and it is proportional to the sulfide concentration. Using 1.5 mL microcentrifuge tubes, 50 μL of the culture samples were mixed with 950 μL copper solution (5.0 mM CuSO 4 .5H 2 O and 50 mM HCl) and, then, stirred for five seconds. After, the relative absorbance was measured at 480 nm using the spectrophotometer Spectro UV-Vis RS Model UV-2500.
Solution pH and oxidation-reduction potential
For the pH measurements, a Thermo Orion PerpHecT Meter (Model 330) was used. The pH meter was calibrated using buffer solutions (pH of 4 and 7) regularly. Redox potential differences, ΔEh, were measured ex-situ using an ORP electrode with an internal Ag/AgCl reference electrode from Cole-Parmer. The measurements were calibrated with ORP standard solutions (Analion) of 470 and 220 mV at 20˚C. The pH values and redox potential diferrence were measured before and after the sample collection. ) of molybdate are also shown in Figures 1a and 1b . Regardless of the molybdate concentration in the culture medium, the sulfate consumption was inhibited for a period equal to 360 hours ( Figure  1a ). For these media, the conversion of sulfate to sulfide for 216 hours was 23, 27, and 42%, respectively. Although the sulfate conversion was relatively high, the maximum concentration of sulfide in the same period was approximately 1.6 mM (52 mg L -1 ) (Figure 1b) . The difference between the reduced amount of sulfate and the sulfide produced can be explained by the formation of sulfides of iron and molybdenum present in the medium. The bottles with 0.5 mM (80 mg L -1 ) molybdate collected at 144, 312, and 360 hours presented a reddish brown color. Figure 1c shows the solution oxidationreduction potential time evolution of the control and the bottles with molybdate. The redox potential curves have analogous shapes to the sulfate conversion curves (Figure 1a ) with a rapid reduction at the beginning and thereafter a slow reduction. However, the redox potential of the medium without molybdate reaches stability at -365 mV while the stability of the redox potential in the medium containing different concentrations of molybdate occurs at -245 mV. During the experiment the pH of the medium remained nearly constant at 6.5 (Figure 1d ).
RESULTS AND DISCUSSION

Kinetic inhibition tests
The results obtained in the kinetic experiments show that the sulfate reduction occurs primarily during the first hours of the start of the test. From this information, optimized tests to investigate the minimum inhibition concentration of molybdate were performed. It was assumed that a period of 168 hours is enough to observe the effectiveness of the inhibition. Figure 2 shows the bottles with the inoculum after 168 hours and a molybdate concentration range from 0.2 to 2.0 mM (32 to 3200 mg L -1 ). Note that in the control bottle, without the presence of molybdate, the medium appeared dark indicating the activity of SRB by precipitating iron sulfide. The absence of black precipitate in the medium in the bottle with molybdate indicates inhibition of bacterial activity during the evaluated period, which occurred in all bottles. ). In this case, it can be seen that only the control bottles showed a black precipitate of the medium. Figure 3b shows was 2.0% in 72 hours and 3.1% in 168 hours) one can observe that, for lower concentrations, the pH of the medium was reduced and that, for higher concentrations, the pH remained close to its initial value. The activity of SRB tends to lower the pH due to the generation of acid and the redox potential of the solution due to oxidation of the carbon source.
Minimum inhibition concentration of molybdate test
The SRB causes a reduction in the redox potential of the solution, which is used as an indicator of the activity of these microorganisms. The molar ratio molybdate/sulfate was 0.4 and the inhibition time was 5 days. In the present study it was found that the lowest molar molybdate/sulfate ratio that exhibits inhibition for a mixed culture is 0.004 and the inhibition time was 7 days.
Another important aspect that should be noted is the effect of temperature on the effectiveness of microbial activity inhibition. Moosa et al. (2005) and Oyekola et al. (2010) showed that the reduction kinetics of sulfate and sulfide production is affected by increasing the temperature of the medium, increasing sulfate reduction rate and sulfide production. Therefore, in tests performed at higher temperature conditions, the SRB have a higher sulfate reduction capacity and sulfide production, and this shows the effectiveness of the results obtained in this study, conducted in high temperature conditions (38°C).
The results presented in this study are the most promising found for the use of molybdate inhibition of SRB from oil fields, especially due to the low concentrations of molybdate found and the long inhibition time. Simulation studies, along with pilot and industrial oil field tests, can be performed using these results to control souring. In this case, the main objective is to maintain the lowest inhibition solution content in the regions of the oil reservoir that have SRB activity, for instance, close to the water injection wells. This will be the object of future studies in this ongoing project.
Despite the fact that the microbial sulfide generation inhibition in this study was performed in batch experiments instead of continuous packed bed upflow reactors, the results are consistent with those presented by Bernardez et al. (2012, 2013) , which show that the sulfate reduction and the sulfide generation due to the SRB are first order processes for both cases, with and without biofilm formation, respectively. Therefore, the results for the inhibition concentration for the batch experiments presented in this study are a strong indication of the inhibition concentration in other scale experiments, such as in fixed bed reactors or in oil fields.
CONCLUSIONS
This study investigated the control of the activity of sulfate-reducing bacteria by using molybdate. Kinetic tests for inhibition of sulfate reduction and short-term tests to determine the minimum inhibitory concentration of molybdate were performed. The indicators of bacterial activity were evaluated for sulfate reduction, sulfide production, blackening of the culture medium due to the formation of iron sulfides, pH, and redox potential. A comparison of the results shows that molybdate is able to inhibit the activity of mixed cultures of sulfate-reducing bacteria in a period equal to 360 hours. The minimum inhibitory concentration found in the case of sulfate-reducing bacteria isolated from oil fields in the Reconcavo Basin, Brazil was with 0.08 mM molybdate (12.8 mg L -1 ), the molar ratio molybdate/sulfate equal to 0.004 for a period of 168 h. Although the concentration of molybdate inhibition threshold is close to the values found in the literature, in this case, the smallest molar ratio molybdate/sulfate inhibition was below previously reported values. Furthermore, the efficiency of the inhibition of molybdate indicated by the inhibition time was considerably higher than that reported in the literature. PETROBRAS 
